Multidrug-resistant (MDR) gram-negative bacteria have increased the prevalence of fatal sepsis in modern times. Colistin is a cationic antimicrobial peptide (CAMP) antibiotic that permeabilizes the bacterial outer membrane (OM) and has been used to treat these infections. The OM outer leaflet is comprised of endotoxin containing lipid A, which can be modified to increase resistance to CAMPs and prevent clearance by the innate immune response. One type of lipid A modification involves the addition of phosphoethanolamine to the 1 and 4′ headgroup positions by phosphoethanolamine transferases. Previous structural work on a truncated form of this enzyme suggested that the full-length protein was required for correct lipid substrate binding and catalysis. We now report the crystal structure of a full-length lipid A phosphoethanolamine transferase from Neisseria meningitidis, determined to 2.75-Å resolution. The structure reveals a previously uncharacterized helical membrane domain and a periplasmic facing soluble domain. The domains are linked by a helix that runs along the membrane surface interacting with the phospholipid head groups. Two helices located in a periplasmic loop between two transmembrane helices contain conserved charged residues and are implicated in substrate binding. Intrinsic fluorescence, limited proteolysis, and molecular dynamics studies suggest the protein may sample different conformational states to enable the binding of two very different-sized lipid substrates. These results provide insights into the mechanism of endotoxin modification and will aid a structure-guided rational drug design approach to treating multidrug-resistant bacterial infections.
Multidrug-resistant (MDR) gram-negative bacteria have increased the prevalence of fatal sepsis in modern times. Colistin is a cationic antimicrobial peptide (CAMP) antibiotic that permeabilizes the bacterial outer membrane (OM) and has been used to treat these infections. The OM outer leaflet is comprised of endotoxin containing lipid A, which can be modified to increase resistance to CAMPs and prevent clearance by the innate immune response. One type of lipid A modification involves the addition of phosphoethanolamine to the 1 and 4′ headgroup positions by phosphoethanolamine transferases. Previous structural work on a truncated form of this enzyme suggested that the full-length protein was required for correct lipid substrate binding and catalysis. We now report the crystal structure of a full-length lipid A phosphoethanolamine transferase from Neisseria meningitidis, determined to 2.75-Å resolution. The structure reveals a previously uncharacterized helical membrane domain and a periplasmic facing soluble domain. The domains are linked by a helix that runs along the membrane surface interacting with the phospholipid head groups. Two helices located in a periplasmic loop between two transmembrane helices contain conserved charged residues and are implicated in substrate binding. Intrinsic fluorescence, limited proteolysis, and molecular dynamics studies suggest the protein may sample different conformational states to enable the binding of two very different-sized lipid substrates. These results provide insights into the mechanism of endotoxin modification and will aid a structure-guided rational drug design approach to treating multidrug-resistant bacterial infections.
lipid modification | multidrug resistance | molecular dynamics | Neisseria | membrane protein structure R ecent reports by the World Health Organization and the US Centers for Disease Control and Prevention highlight the serious and growing public health threat and high mortality rate associated with multidrug-resistant (MDR) gram-negative bacterial infections (1, 2) . Increasingly, colistin is used for the treatment of sepsis caused by carbapenemase-producing gramnegative bacteria. However, this treatment has resulted in the selection of MDR bacterial isolates with chromosomal resistance mutations in lipid A biosynthesis and regulation (3) and, more recently, the appearance of a mobile colistin resistance gene (mcr-1) (4-6). Mcr-1 encodes a member of the family of phosphoethanolamine (PEA) transferases that decorates the lipid A headgroups of lipopolysaccharide with PEA. Modification of lipid A on the 1 and 4′ headgroup positions with PEA or 4-amino-arabinose masks the negatively charged phosphate groups on the bacterial surface, which are involved in interaction with cationic antimicrobial peptides (CAMPs) such as colistin and polymyxin B (7). This modification confers resistance to CAMPs, as well as host innate immune defensins; however, the exact mechanism of resistance is not known.
PEA transferases belong to the alkaline phosphatase superfamily. Many MDR gram-negative bacteria possess multiple members of this family of enzymes that are engaged in the decoration of lipid A or the conserved inner core of the lipopolysaccharide (8, 9) . Neisseria gonorrheae (Ng) and Neisseria meningitidis (Nm) are closely related obligate human pathogens that are intrinsically resistant to colistin and decorate lipid A exclusively with PEA, using the enzyme lipid A PEA transferase A (EC 2.7.4.30) [EptA; lipid A PEA transferase A (LptA) in Nm was originally named by Cox et al. (10) ; however, LptA is also the nomenclature used for the lipopolysaccharide transport system in Escherichia coli (11) . To alleviate the confusion in terminology
Significance
At this time, multidrug-resistant gram-negative bacteria are estimated to cause approximately 700,000 deaths per year globally, with a prediction that this figure could reach 10 million a year by 2050. Antivirulence therapy, in which virulence mechanisms of a pathogen are chemically inactivated, represents a promising approach to the development of treatment options. The family of lipid A phosphoethanolamine transferases in gram-negative bacteria confers bacterial resistance to innate immune defensins and colistin antibiotics. The development of inhibitors to block lipid A phosphoethanolamine transferase could improve innate immune clearance and extend the usefulness of colistin antibiotics. The solved crystal structure and biophysical studies suggest that the enzyme undergoes large conformational changes to enable binding and catalysis of two very differently sized substrates.
and maintain consistency with the published nomenclature used for the enzyme from other organisms, the enzyme from Nm has been redefined as NmEptA. An update of the nomenclature for all Neisserial lipid A PEA transferase enzymes will be announced on PubMLST (pubmlst.org/)]. Mutants of NmEptA increase bacterial sensitivity to CAMPs (12) , resulting in attenuation in mice and human models of infection (13) . EptA catalyzes the transfer of PEA from phosphatidylethanolamine (PE), via a PEA-enzyme intermediate, to the 1 and 4′ headgroups of the lipid A of lipooligosaccharide (SI Appendix, Scheme S1). MDRNg has recently been identified as an urgent public health threat because of the increased burden of the sexually transmitted disease gonorrhea and the increased risk for sequelae, which includes infertility. Because of the essential involvement of EptA in the establishment of gonorrhea, EptA has been identified as a potential target for the rational design of enzyme inhibitors as therapeutic agents to treat MDR-Ng and gram-negative bacteria harboring mcr-1.
The structures of the soluble periplasmic domain of EptA from Nm (14) , and the homologs, EptC, from Campylobacter jejuni (15) and Mcr-1 in E. coli (16) , all of which add PEA to lipid A, have been determined (17) (18) (19) (20) . These structures all reveal a hydrolase fold similar to that of phosphonate monoester hydrolase (21) and arylsulfatase (22) (23) (24) . A bound Zn 2+ ion is tetrahedrally coordinated by conserved residues (His453, Asp452, Glu240, and Thr280 in NmEptA). Thr280 is the catalytic nucleophile required for PEA transfer and is present in the NmEptA structure as a phosphothreonine. Substitution of Thr280 with alanine in Mcr-1 decreases the inhibitory concentration of colistin and polymyxin B, supporting its importance in catalysis (16) . On the basis of the truncated structure, it was suggested that the membrane domain would be required for the correct binding and orientation of the lipid substrates, PE and lipid A (14) . To further understand the molecular details involved in substrate binding and enzyme catalysis, we have determined the crystal structure of the full-length form of NmEptA and have carried out biophysical studies aimed at assessing the ability of the enzyme to accommodate different substrates.
Results and Discussion
Purification of Full-Length NmEptA. Recombinant NmEptA was expressed and was purified in the presence of the detergent dodecyl-β-D-maltoside (DDM). To assess the activity of the recombinant enzyme in DDM micelles, two types of enzymatic assays were performed. A fluorescence-based TLC enzyme assay was carried out using a substrate tagged with a fluorescent label, 1-acyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphoethanolamine (NBD-PEA) (SI Appendix, Fig.  S2 ). The product formed by reaction with the enzyme was confirmed by mass spectrometry to be 1-acyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycerol. This showed that the full-length NmEptA in DDM was able to successfully remove PEA from the lipid substrate. In contrast, a soluble domainonly construct was unable to catalyze PEA hydrolysis, confirming that the transmembrane domain of NmEptA is required for its activity on a lipid substrate.
In addition, the PEA transfer from PE to lipid A of N. flavescens by recombinant NmEptA solubilized and purified in DDM was identified by MALDI-TOF mass spectrometry (SI Appendix, Fig.  S3 ). The addition of PEA to N. flavescens lipid A resulted in an increased cytokine response from THP-1 cells (SI Appendix, Fig.  S4 ) (25) (26) (27) . These results confirmed that the recombinant DDM solubilized enzyme was enzymatically active and able to induce a cytokine response.
Overview of Structural Fold. The crystal structure of the full-length NmEptA, was determined by molecular replacement, using the previously determined truncated periplasmic soluble domain (PDB code: 4KAV) as a search model for phasing (14) . The structure is composed of two discretely folded domains: an N-terminal transmembrane (TM) domain and a C-terminal soluble periplasmic-facing domain ( Fig. 1 A and B) connected by a bridging helix and an extended loop.
The membrane domain contains five transmembrane helices (TMH1-TMH5; see Fig. 1 B and D) oriented approximately parallel to one another and spanning the inner membrane in a previously uncharacterized fold. The membrane domain contains two tryptophan residues and a number of tyrosine and histidine residues forming an aromatic belt along the membrane surface. These residues are likely to contribute to the stabilization and orientation of the protein in the bilayer and allow prediction of the membrane spanning regions of NmEptA (28) . Intriguingly, of the five TM helices, only TMH5 spans the membrane with a length of 35 Å; the other four TM helices are shorter than the typical width of a membrane bilayer (30 Å) .
A patch of positively charged residues (Lys142, Lys144, Arg146, and Lys150) at the cytoplasmic end of TMH5 are likely to provide interactions with the phospholipid head groups at the inner membrane surface (Fig. 1E) , as has been observed in other integral membrane proteins (29) . TMH3 and TMH4 are positioned in close proximity to each other and are linked by a long loop at the periplasmic side, which harbors two small periplasmic facing helices, PH2 and PH2′ (Fig. 1 B and D) . The hydrophobic representation of the NmEptA structure reveals PH2 and PH2′ helices with nonpolar residues aligned toward the membrane and polar residues toward the periplasm (Fig. 2A) . The amphipathic nature of these helices suggests that they could be partially buried or embedded in the membrane, as has been reported in a tyrosine-interacting protein (30, 31) . The central section of TMH4 adopts a π-helix configuration (Fig. 1D) , and is linked to the TMH5 by a loop.
TMH5 is the longest helix in the membrane domain, and based on the positions of the aromatic belt residues, its orientation may be tilted in the membrane. TMH5 is connected to the soluble domain by an extended periplasmic loop followed by a bridging helix. This extended periplasmic loop harbors two more periplasmic helices: the amphipathic PH3 and PH4, which adopts a 3 10 configuration.
The bridging helix (residues 194-208) has a highly unusual configuration in the structure. The N-terminal portion of the helix contains hydrophobic residues, whereas the C-terminal end is rich in charged residues. In addition, the C-terminal end contains two residues (Tyr204 and Trp207) that are positioned along the proposed membrane surface and comprise part of the aromatic belt. The nature of this helix suggests it may be tilted relative to the membrane surface and partially buried in the bilayer. An extended coiled region (residues 210-231) links the C terminus of the bridging helix with the start of the soluble domain.
The soluble domain adopts a hydrolase-type fold with a bound Zn 2+ ion at the enzyme active site near to the catalytic nucleophile, Thr280 (Fig. 1C) . The Zn 2+ ion is bound identically to that seen in the truncated domain structure, and the intramolecular disulfide bonds are also preserved (14) . A superposition of the truncated structure and the soluble domain in the full-length enzyme structures revealed no significant differences. Sequence comparisons with other PEA transferases acting on lipid A indicate that three of the five disulfide bonds (namely, Cys276-286, Cys327-Cys331, and Cys402-Cys410) are structurally conserved (SI Appendix, Fig. S1 ).
There is large interface between the soluble and membrane domains. According to an analysis with the server PDBePISA, this interdomain surface buries a region of ∼1,200 Å 2 . High conservation at the interface between the domains (Fig. 3) is revealed when the full-length structure is colored on the basis of sequence similarity with lipid A PEA transferases (SI Appendix, Fig. S1 ).
The Active Site of NmEptA. On completion of the modeling of the protein chain into the electron density map, residual difference electron density was present in the region of the active site and located between the PH2 and PH2′ helices, suggesting the presence of a bound ligand (Fig. 2A) . A single molecule of DDM was modeled into this electron density and refined successfully. The first carbohydrate moiety of DDM lies deep in the substrate pocket, with the O3B hydroxyl group positioned 3.72 Å from the bound Zn 2+ atom and 2.96 Å from the OH group of Thr280, the active site nucleophile. Three hydroxyl groups on the carbohydrate moiety of the DDM form hydrogen bonds with three invariant residues in the PH2 and PH2′ helices (Fig. 3 and SI  Appendix, Fig. S1 ). The density for the more distal portion of the DDM acyl chain is weaker and the temperature factors become progressively larger compared with the carbohydrate moieties of the ligand, suggesting it does not bind strongly to any portion of the protein.
The truncated structure (14) revealed an exposed active site, and the surface comprising this region is likely to be orientated toward the membrane. This proposed orientation would allow direct access of the active site to the lipid substrates situated within membrane bilayer. The full-length structure confirms this prediction as the catalytic region of the enzyme faces toward the membrane domain and includes the PH2 and PH2′ helices.
This structural arrangement of the two domains in the presence of a bound ligand reveals a much more sequestered active site than previously observed for the truncated structure. In particular, the PH2 and PH2′ helices complete the substrate binding site, which extends toward the membrane domain, and presumably into the bilayer (Fig. 2B) . Sequestering the active site is likely to be critical for efficient catalysis.
A further comparison of the two structures showed that O3B of DDM in the full-length protein is positioned identically to an oxygen atom of the phosphate moiety covalently bound to Thr280 in the truncated structure. Closer examination of the DDM binding mode reveals that the length of an enzyme-linked PEA molecule can be accommodated between Thr280 and Glu114, both of which are invariant between lipid A PEA transferases (SI Appendix, Fig.  S1 ). Glu114, located in the PH2 helix, may hydrogen bond with the amine of PEA. Further analysis of this region of the structure was carried out using CAVER (32) and indicated a buried cavity (Fig.  2C) . The size of this cavity precludes binding of a large lipid substrate such as lipopolysaccharide.
Conformational Flexibility. As the crystal structure was determined using protein solubilized in DDM micelles, and a bound DDM molecule was visible near the active site, it was assumed that the bound detergent acts to hold the soluble domain close to the membrane domain, locking the enzyme in a particular conformation that does not accommodate a large lipid substrate.
To establish possible conformational flexibility of NmEptA, limited proteolysis and intrinsic tryptophan fluorescence experiments were undertaken. A study of the integral membrane enzyme PhoPQ-activated gene P (PagP) used an NMR-based approach in detergent environments to study the dynamics of the protein and revealed a more mobile state allowing substrate binding and a more rigid state enabling enzyme activity (33) . Hence, detergent micelles can be used to sample conformational flexibility in membrane proteins.
NmEptA solubilized and purified in three different types of detergents, DDM, 6-cyclohexyl-1-hexyl-β-D-maltoside (Cymal-6), and Fos-choline-12 (FC-12), was used to study the conformational states of the protein. The protein integrity in the three detergents was assessed by circular dichroism (CD) spectroscopy (SI Appendix, Fig. S5A ), which revealed that in all three detergents, NmEptA has secondary structure. In addition, the NBD-PEA TLC assay (SI Appendix, Fig. S2 ) was used to assess activity of the enzyme in different detergents. Finally, protein quality and thermal stability in DDM and FC-12, assessed by size exclusion chromatography-multiangle light scattering and differential scanning fluorometry (SI Appendix, Fig. S5 B and C) , showed that the proteins are monodispersed and exhibit high thermal stability. The TLC assay showed that protein in detergents containing maltoside head groups (DDM and Cymal-6) were able to successfully remove PEA from the lipid substrate. In contrast, the enzyme in FC-12, a detergent containing a positively charged quaternary amine head group, failed to show product formation, suggesting the enzyme adopts a conformation that is not conducive to hydrolysis of PEA from a lipid substrate, although the overall secondary structure is maintained and the protein is stable.
Limited proteolysis profiles from trypsin and chymotrypsin digests of DDM, Cymal-6, and FC-12 purified enzyme (SI Appendix, Fig. S6 ) indicated differences in the rate of cleavage of the full-length protein between the three detergents. Proteins purified in DDM and Cymal-6 exhibited higher resistance to proteolytic cleavage, whereas protein purified in FC-12 showed a lower level of resistance to proteolysis.
Peptide analysis of the proteolytic fragments for the DDM and FC-12 purified proteins identified products containing the PH4 helix, the bridging helix, and the soluble domain (SI Appendix, Table S2 ). Analysis of the 42-kDa cleavage products by chymotrypsin revealed that the DDM-purified enzyme was cleaved at residue Tyr214 and the FC-12-purified enzyme cleaved at residue Tyr148, suggesting the enzyme adopts different conformational states in DDM and FC-12 micelles.
Further probing of possible conformational states involved intrinsic fluorescence studies that mapped the relative positions of the six tryptophan residues: Trp126 and Trp148 in the membrane domain, Trp207 in the bridging helix, and Trp247, Trp320 and Trp484 in the soluble domain. An analysis of buffer-corrected fluorescence emission profiles (SI Appendix, Fig. S7A ) showed that the maximum (max) of the emission signal is red shifted for enzyme purified in FC-12 (emission peak max = 342 nm), relative to that in DDM or Cymal-6 (emission peak max = 336 nm). This red shift in FC-12 indicates a higher level of solvent exposure of tryptophan residues, which, considering the similar CD spectra for the three samples, suggests different conformations are adopted in different detergents. When NmEptA was denatured, the emission peaks had equivalent values, regardless of the detergent used for purification (SI Appendix, Fig. S7B) . Quenching of the solvent exposed tryptophan residues by iodine revealed a Stern-Volmer constant in both DDM and Cymal-6-purified NmEptA that is 56-60% lower than that of NmEptA in FC-12 (SI Appendix, Fig. S7C ). This difference decreased when protein was denatured (SI Appendix, Fig. S7D ). Thus, altered protein conformations in different detergents contribute to quenching. The presence of a maltoside containing detergent may, through its ability to bind to the active site, hold the enzyme in a specific conformation that decreases the overall solvent exposure of tryptophan residues. In contrast, the presence of a detergent with a charged headgroup may allow the enzyme to adopt a different conformational state in which the tryptophan residues are more solvent exposed.
NmEptA in the Lipid Bilayer. The relative orientation of NmEptA in the lipid bilayer, and the structural stability of the membraneembedded protein, was investigated using molecular dynamics simulations. Because of the high percentage of PE lipids in Neisserial membranes (34) , and the role of PE lipids as the first substrate in the reaction catalyzed by NmEptA, dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) lipids were used as a simplified representation of the Neisserial membrane in the initial simulation studies at both 298 K and 310 K. Additional simulations (298 K) were conducted in a PE bilayer enriched with 20% PG lipids to better reflect the physiological composition of the Neisserial membrane. Simulations of DPPE-embedded NmEptA showed the overall conformation of NmEptA remained close to the starting structure in four of the six simulations, with an average backbone rmsd of 3.3 ± 0.6 Å (SI Appendix, Fig. S8A ) attributed to small changes in the relative orientation of the domains (Fig. 4A and SI  Appendix, Fig. S8C ). However, in two simulations, the soluble domain dissociated from the membrane domain and "rolled" over the membrane surface, interacting with the lipid polar heads (Fig. 4B  and SI Appendix, Fig. S8D ). This movement gives an increase in the distance between the centers of mass of the domains with associated increases in the backbone rmsd (SI Appendix, Figs. S9A and 10A), and induces changes in the local curvature of the bilayer in the interaction area (Movies S1 and S2). In the PE/PG membrane, the conformation of NmEptA was similar to those obtained in the DPPE membrane. Here, the distance between the center of mass of the TM and the soluble domains was 5-10 Å greater than observed in the closed DPPE-embedded NmEptA conformations (SI Appendix, Fig. S10 ), suggesting the protein can adopt a range of conformations. The molecular interactions triggering the conformational change remain unclear; however, positively charged residues dispersed on the surface of the soluble domain play an important role in the steering and binding of the soluble domain to the membrane surface (Movies S1 and S2).
In one simulation of the DPPE-embedded NmEptA a single PE headgroup spontaneously bound between the PH2 and PH2′ helices (Fig. 4 A and B) and remained stably bound throughout the remainder of the simulation. The high sequence conservation of PH2 and PH2′ (SI Appendix, Fig. S1 ), together with their position at the membrane surface, suggests a key role in substrate binding.
Comparison Between NmEptA and ArnT. Recently, the structure of the lipid-to-lipid glycosyltransferase 4-amino-4-deoxy-L-arabinose transferase (ArnT) has been determined (35) . ArnT is an integral membrane bound glycosyltransferase that attaches the carbohydrate, 4-amino-4-deoxy-L-arabinose (L-Ara4N) to the 1 and 4′ phosphate groups of lipid A, the same site of modification for EptA. In the case of ArnT, however the donor substrate is undecaprenyl phosphate-α-L-Ara4N. Both enzymes are located in the periplasmic membrane and contain a TM domain and a periplasmic-facing soluble domain. Although the enzymes modify the same site on lipid A, their structures are distinctly different from one another. The N-terminal TM domain of ArnT is considerably larger, comprising 13 TM helices, whereas the C-terminal soluble periplasmic-facing portion of the enzyme adopts a smaller domain structure comprising ∼90 residues. The observed differences in the structures of the two enzymes are likely to be a result of the different donor substrates required (PE in the case of NmEptA and sugar-based lipid in the case of ArnT). These structural differences may also reflect different mechanisms of catalysis for each enzyme. In ArnT, both the substrates are required to bind to the enzyme to enable direct transfer of L-Ara4N from undecaprenyl phosphate to lipid A. The structure of the enzyme reveals three cavities proposed to house the lipid substrates lipid A and undecaprenyl phosphate-α-L-Ara4N. Two of the cavities are occupied by undecaprenyl phosphate in a complex structure with the ligand. The third cavity is proposed to house the lipid A substrate, and it is proposed that this cavity becomes accessible through the binding of the donor substrate. In contrast, NmEptA involves the formation of a Thr280-PEA enzyme intermediate similar to that observed for other alkaline phosphatase-type phosphate transferases, hence suggesting a ping-pong mechanism.
In summary, the crystal structure of EptA from Neisseria reveals a protein fold with a membrane-bound domain and a periplasmic-facing soluble domain. The substrate binding pocket involves the soluble domain, as well as the PH2 and PH2′ helices on the membrane domain. Sequence conservation among lipid A PEA transferases further highlights the importance of this region in substrate recognition and recruitment.
Experimental techniques including intrinsic fluorescence and limited proteolysis suggest the protein is able to adopt different conformational states. Molecular dynamics provides intriguing insights into a potential conformational change that the enzyme may undergo. On the basis of these observations, we propose that a conformational change may be necessary for the binding of two differently sized lipid substrates to facilitate transfer of PEA, possibly by a ping-pong mechanism.
Antivirulence therapy, in which virulence mechanisms of a pathogen are chemically inactivated, represents a promising approach to the development of treatment options. EptA is one such virulence-inducing target in Neisseria and is homologous to the recently identified colistin resistance enzyme, Mcr-1, found on a transferable plasmid. As this enzyme is a validated target for treatment of MDR gram-negative bacterial infections, this structure provides a strong basis for a structure-guided approach to develop small molecule inhibitors to combat multidrug resistance in pathogenic gram-negative bacteria. Clearly, further studies are required to characterize the different states of the enzyme, which might reveal alternative binding sites for inhibitors. Critically, the structure presented here extends our understanding of the substrate-binding site of EptA by including contributions from both membrane and soluble domains.
Materials and Methods
NmEptA was expressed as a hexahistidine-tagged protein in E. coli cells. The enzyme was purified in the presence of DDM by Ni 2+ NTA affinity and size exclusion chromatography. Crystals were obtained and the structure solved by molecular replacement, using the soluble domain structure (PDB accession code: 4KAV) (14) . The data collection, processing, and refinement statistics are given in the SI Appendix, Table S1 . The reaction of N. flavescens lipid A of lipooligosaccharide with NmEptA was followed by MALDI-TOF mass spectrometry. In addition, an enzyme assay was carried out on NmEptA purified in different detergent micelles (DDM, FC-12, and Cymal-6), using a substrate containing a fluorescent label, NBD-PEA. Finally a TNFα assay was carried out using human monocytic leukemia cell THP-1 cells. For limited proteolysis experiments, NmEptA purified in different detergents (DDM, FC-12, and Cymal-6) were treated with trypsin or chymotrypsin over the course of 24 h, and the resultant cleaved fragments were analyzed by MALDI-TOF mass spectrometry. Tryptophan intrinsic fluorescence of NmEptA in different detergents and under denaturing conditions was measured. Quenching experiments were undertaken using potassium iodide. Molecular dynamics simulations were carried out using GROMACS (36) version 3.3.3 with the GROMOS 54A7 force field (37) . Full methods and accompanying references are available in the SI Appendix, Materials and Methods.
